INTRODUCTION
patterns of Atoh7, Neurod1 and other factors arise stochastically. This implies that all RPCs have equivalent developmental potential. The onset of bHLH gene expression relies on the downregulation of Notch signaling in a subset of RPCs (Wallace, 2011) . Once established, each subset of RPCs is biased to give rise to distinct types of neurons depending on the bHLH factors they express (Agathocleous and Harris, 2009; Wallace, 2011 ).
Previously, we tested whether replacing one bHLH gene with another could redirect RPCs from one cell fate into another (Mao et al., 2008b) . We inserted Neurod1 into the Atoh7 locus and showed that Neurod1 replaced the function of Atoh7 in specifying RGC fate. The results suggested that Atoh7-expressing RPCs are largely programmed by intrinsic mechanisms that are not solely dependent on a specific proneural bHLH gene (Fig. 1C ). In the same study, we also showed that Math3 did not compensate for the loss of Atoh7. We thus concluded that Neurod1 and Atoh7 share similar gene targets in the developing retina, whereas Math3 does not. Despite the fact the Neurod1 normally functions in RPCs destined for amacrine cell and M-cone cell fate, it adjusts and integrates into the foreign environment of RPCs destined for a RGC fate. Notably, Neurod1-null retinas produce the full complement of RGCs, indicating that Neurod1-expressing RPCs play little if any role in RGC differentiation (Liu et al., 2000; Pennesi et al., 2003; Liu et al., 2008) . Hence, Neurod1-expressing RPCs, unlike Atoh7-expressing RPCs, are not intrinsically programmed for RGC formation. These results argue against the view that RPCs are equally potent in their potential to generate multiple cell types at the same developmental time. If this view is correct, then replacing Atoh7 with Neurod1 would be expected to reprogram Atoh7-expressing RPCs into amacrine cells or M-cone cells, which they do not do.
In the present study, we performed the converse experiment by inserting Atoh7 into the Neurod1 locus. Our aim was to determine which model most correctly describes the behavior of Neurod1-expressing RPCs: (1) Atoh7 compensates for the loss of Neurod1 to restore M-cone cells; (2) Atoh7 is not tolerated in Neurod1-expressing RPCs and cannot compensate for the absence of Neurod1; or (3) Atoh7 functions dominantly as a master regulator for RGC competency (Fig. 1D) .
The experiments described below show that Atoh7 alone is sufficient to redirect an RPC destined to form an amacrine/M-cone cell fate to an RGC fate, and that early arising Neurod1-expressing RPCs are inherently programmed to produce RGCs, although they require Atoh7 to do so. Together with our previous results (Mao et al., 2008b) , we propose that, in early retinogenesis, most RPCs have the developmental potential to differentiate into RGCs. Although the extrinsic environment plays a role in this process, subtle intrinsic differences must exist among different RPC subpopulations that can be overcome by the expression of Atoh7. In addition, we identify a bona fide Atoh7-binding enhancer in the intron 3 region of neurexin III (Nrxn3). We demonstrate that this enhancer is bound and used by Atoh7 but not by Neurod1 in the developing retina. By placing the Nrxn3 enhancer next to a basal promoter, we show that the enhancer is recognized by both Atoh7 and Neurod1. These results suggest that the Nrxn3 enhancer element is selectively used by similar factors in a contextdependent manner, thus providing a mechanism for determining the specialized functions that exist among multiple proneural bHLH factors.
MATERIALS AND METHODS

Gene targeting, transgenic animals and animal breeding
The targeting vector ( Fig. 2A ) was constructed by standard molecular biology techniques using PCR-amplified genomic DNA fragments from the Neurod1 locus as homologous arms. The Atoh7-coding sequence was fused to sequences encoding three copies of the hemagglutinin epitope YPYDVPDYA (HA-tag), and inserted after the PGK-Neo cassette, which was flanked by two loxC2 sites. Gene targeting was conducted as described previously (Mao et al., 2008b) . Two targeted ES cell lines were used to generate Neurod1
FNeoAtoh7HA3/+ mice. The Neurod1 FNeoAtoh7HA3/+ line was subsequently bred to a germline CMV-Cre line to generate the Neurod1 Atoh7HA3/+ line, which appeared normal. The knock-in allele was distinguished using PCR with primers B2 (5Ј-GTGTGCATTTCT -GTAGGATTAGGG-3Ј), B3 (5Ј-GCTCTCGCTGTATGATTTGGTCATG-3Ј) and M51 (5Ј-GACACAGACGGAGCGACTCACGTG-3Ј) (Fig. 2B) . To generate Nrxn 3A7E -HSP68LacZ transgenic mouse lines, we fused a 489 bp sequence (chr12: 90280064-90280552) expanded from the 326 bp Atoh7-bound sequence-tag in Nrxn3, named Nrxn3 A7E , to a HSP68pro-lacZ reporter (Kothary et al., 1989) . This construct was used for pronuclear injection to generate transgenic mice. Atoh7 G/G mice were as described by Wang et al. (Wang et al., 2001) ; Atoh7 HA/HA mice were as described by Fu et al. (Fu et al., 2009 ). All animal procedures followed the US Public Health Service Policy on Humane Care and Use of Laboratory Animals, and were approved by the Institutional Animal Care and Use Committee at The University of Texas MD Anderson Cancer Center.
Immunohistochemistry and in situ hybridization
Mouse embryos and eyes dissected from embryos or adults were fixed, embedded in paraffin or OCT, and sectioned into 12 m or 20 m slices for immunohistochemistry. The sections were placed in a microwave oven at 600 W in 10 mM sodium citrate for 15 minutes to expose the antigen epitopes. For indirect immunofluorescence, a tyromide signal amplification kit (PerkinElmer) was used for Neurod1 and Pou4f2 to optimize signal intensity. The primary antibodies were anti--galactosidase (MP Biomedicals, 1:2000) , anti-BrdU (Upstate, 1:10), anti-Isl1 (DSHB, 1:250), anti-HA (Cell Signaling, 1:500), anti-NF-L (Invitrogen, 1:500), antiOpsin(R/G) (Chemicon, 1:500), anti-Pou4f1/Brn3a (Chemicon, 1:150), anti-Pou4f2/Brn3b (Santa Cruz, 1:100), anti-SMI32 (Covance, 1:400) and
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Development 140 (3) HA/+ retinas stained with anti-HA and anti-Neurod1 antibodies at E12.5 (E) and E14.5 (F,FЈ). Scale bars: 50 m.
anti-Ngn2 (R&D Systems, 1:50). Alexa-conjugated and HRP-conjugated secondary antibodies were from Invitrogen and Jackson ImmunoResearch. To detect RGC axons and to estimate RGC number, anti-NF-L and antiPou4f2/Brn3b antibodies were used to stain flat-mounted retinas (Mao et al., 2008a) . Images were captured and analyzed using an Olympus Fluoview 1000 confocal microscope. In situ hybridization was performed as described by Mao et al. (Mao et al., 2008b) .
RGC axon tracing
Cholera toxin subunit (CTB; 2 l) conjugated with either Alexa-488 or -594 (1 mg/ml, Invitrogen) was injected into the vitreous using a 36-gauge NanoFil system (World Precision Instruments). Two days later, animals were anesthetized and sacrificed with perfusion using 4% PFA. Whole brains were dissected and post-fixed with 4% PFA.
Western analysis
Whole cell lysate (20 g) from E14.5 retinas were resolved on 10% SDS-PAGE gels (Bio-Rad) and transferred onto PVDF a membrane. Primary antibody against HA epitope tag (Abcam) and HRP-conjugated secondary antibody were applied to the membrane. Proteins were detected using ECL substrate (Amersham Biosciences). Protein expression was quantified using ImageJ (http://rsb.info.nih.gov/ij/docs/menus/analyze.html#gels). The intensity ratio between Neurod1
Atoh7(HA)/+ and Atoh7 HA/HA bands was adjusted by the ratio of the total number of Neurod1-expressing and Atoh7-expressing RPCs counted at E14.5 to quantify the relative level of Atoh7HA on the per cell basis between the Neurod1
Atoh7 and Atoh7 HA alleles.
Transmission electron microscopy
Enucleated eyes with the optic nerve were fixed with 3% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate (pH 7.5) for 1 hour at room temperature. Samples were washed and treated with 0.1% cacodylate-buffered tannic acid, post-fixed with 1% osmium tetroxide, strained en bloc with 1% uranyl acetate and dehydrated with an ethanol gradient series. The samples were embedded in epon and sectioned with an LKB ultracut microtome. Sections were examined using a JEM 1010 TEM (JEOL).
Scotopic electroretinograms (ERG) recordings and data analysis
Mice were dark-adapted overnight and all preparations for recording were performed under dim red illumination (>650 nm) (Saszik et al., 2002) . Animals were anesthetized with ketamine (70 mg/kg) and xylazine (7 mg/kg), and anesthesia was maintained with subcutaneous injections of ketamine (20 mg/kg) and xylazine (1 mg/kg) every 20-30 minutes. The head of each animal was fixed in a metal head holder that also served as the electrical ground. Pupils were fully dilated to 3 mm in diameter with topical atropine (0.5%) and phenylephrine (2.5%). Body temperature was monitored and maintained at 37°C with a thermostatically controlled electrically heated blanket (CWE). Full-field flash ERGs were recorded using DTL fiber electrodes placed across the center of the cornea of the tested eye and the fellow eye, which served as the reference. The cornea of the tested eye was covered with a contact lens heat-formed from clear film (ACLAR film). The non-tested eye was covered with a black plastic (PVC) contact lens and a black aluminum foil cap that covered both the eye and the skull to block any scattered light. Stimuli were provided from LEDs ( max =462 nm) at a range of time-integrated flash luminances (stimulus strengths) from −6.2 to 3.0 log scotopic troland seconds (sc td-s). The inter-flash interval was adjusted to allow the ERG response to return to baseline between stimuli. For data analysis, A-wave amplitudes were measured on the leading edge of the wave, at a fixed time (6 ms) after the brief flash. After oscillatory potentials (>50 Hz) were removed, b-wave amplitudes were measured between the a-wave trough and b-wave peak, and also at the peak of pSTR and b-wave, 110 ms after the brief flash. nSTR amplitude was measured at 200 ms after the flash. B-waves were also measured from the trough of the a-wave to the peak of the b-wave. Repeated-measures ANOVA (SPSS) was performed to compare amplitudes of the stimulus response functions across all groups, and between pairs of groups. Atoh7HA/+ mice. The non-specific bands were used as loading controls. Scale bars: 100 m.
Chromatin immunoprecipitation
Twenty E14 Atoh7 HA/HA retinas were used for ChIP reactions following the procedure described by Tsai et al. (Tsai et al., 2010) to produce fragmented chromatin lysate. The fragmented, precleared chromatin lysate was incubated overnight with anti-HA (Cell Signaling), Neurod1 (Santa Cruz) or normal goat IgG (Santa Cruz). To analyze specific Atoh7HA-bound DNA, qPCR was conducted in a 7500 FAST ABI instrument. Sequences for PCR primers used were Tbr1f (5Ј-CAGCCCCAGTCGCTACATGG-3Ј), Tbr1r (5Ј-GCCCTGCGGCGAAGAGTTG-3Ј), Nrxn3f (5Ј-CAGG -GAGAGTCATAAGGAGAAAA-3Ј) and Nrxn3r (5Ј-CAGCACAT -GTCATCCTAACACTT-3Ј). Total RNA was collected from E14.5 retinas using Trizol reagent (Invitrogen). RNAs were reversed transcribed using the SuperScript First-Strand Synthesis System (Invitrogen) following the manufacturer's instructions. For quantitative reverse transcriptase-PCR analysis, cDNAs were amplified using SYBR green PCR master mix (Applied Biosystems). The relative expression levels were normalized to that of GAPDH and calculated using the comparative C t method (7500 Fast Real-time PCR systems SDS software, Applied Biosystems). DNA sequences of PCR primers were GAPDH-f (5Ј-AGGTCGGTGTGA -ACGGATTTG-3Ј), GAPDH-r (5Ј-TGTAGACCATGTAGTTGAGGTCA-3Ј) Nrxn3-f (5Ј-TTGGCACCATTGATGACCTG-3Ј) and Nrxn3-r (5Ј-CTTCAATAGCGGAGATGGCA-3Ј).
RESULTS
Expression of Atoh7 and Neurod1 in early embryonic retinas mirrors the competency state of distinct subsets of RPCs
To compare the spatial and temporal expression patterns of Atoh7 and Neurod1 in early embryonic retinas, we used anti-HA and antiNeurod1 antibodies to label retinas of E12.5 Atoh7 HA/+ embryos.
Atoh7
HA is a knock-in allele in which the Atoh7-coding sequence is fused in-frame with three copies of haemagglutinin (HA) (Fu et al., 2009 ). Atoh7-HA labeling was detected in the central part of retina where retinogenesis begins (Fig. 1E ). By contrast, Neurod1 labeling was detected weakly in a slightly wider area where naïve RPCs reside (Fig. 1E) . Only a few Neurod1-positive RPCs also expressed Atoh7-HA (Fig. 1E, arrowheads) . At E14.5, Atoh7-HA expression was detected in RPCs throughout neural blast layer (NBL) (Fig. 1F ), whereas Neurod1 was weakly expressed in the NBL, and its expression tended to cluster closer to the area where the presumptive photoreceptor cells reside (Fig. 1FЈ ). The total number of RPCs expressing Atoh7-HA was about one and a half fold higher than Neurod1-expressing RPCs at E12 and twofold higher at E14.5 (cells/field: 155.7±5.9 versus 78.3±10.1; n=3, P<0.01).
Neurod1
Atoh7 mimics endogenous Neurod1 expression patterns and cannot rescue phenotypic defects seen in Neurod1 -/-mice Atoh7-expressing and Neurod1-expressing RPCs are interspersed at similar developmental times yet they are required for the formation of different retinal neurons. To determine how these distinct subpopulations of RPCs responded to the activity of Atoh7, we have generated a Neurod1 Atoh7HA/+ allele by gene targeting ( Fig. 2A,B ) (referred to as Nd1 A7 in the figures). We first determine whether the Neurod1 Atoh7HA/+ allele was expressed in a pattern that was similar to that of endogenous Neurod1. At E14.5, Neurod1
Atoh7HA/+ was weakly expressed throughout the retina and in the cortex, similar to endogenous Neurod1 expression ( Fig. 2C-F ). In the mature retina, Neurod1 was also weakly expressed in both outer nuclear layer (ONL) and inner nuclear layer (INL). In the adult Neurod1
Atoh7HA/+ retina, Atoh7-HA was also detectable in ONL and INL in a dose-dependent manner ( Fig. 2G-I ). We observed that Atoh7-HA expression in the Neurod1 Atoh7HA/+ allele was much weaker on a per cell basis compared with that in the Atoh7 HA/+ allele. We compared expression levels by western analysis, and found a 10-fold difference in Atoh7-HA expression between Atoh7
HA/+ and Neurod1 Atoh7HA/+ alleles (Fig. 2J) . Neurod1 is expressed in many regions in the central and peripheral nervous systems during development. A number of behavioral abnormalities associated with Neurod1-deficient mice have been reported, including head tilting and circling (Liu et al., 2000; Pennesi et al., 2003) that are due to defects in the cerebellum and inner ear. We found that all Neurod1
Atoh7HA/Atoh7HA mice displayed this balancing defect. Examination of the cerebellum of Neurod1
Atoh7HA/Atoh7HA mice showed that Neurod1
Atoh7HA/Atoh7HA cerebellum has similar defects as found in Neurod1 -/-mice (data not shown), suggesting that Atoh7-HA, although expressed in identical regions to Neurod1, could not rescue the function of Neurod1 in cerebellum and inner ear development. In addition, in developing retinas, Neurod1 activates the expression of thyroid hormone receptor 2 (Trb2; Thrb -Mouse Genome Informatics) to regulate the formation of M-opsin in a dorsal-ventral gradient manner (Liu et al., 2008) . In Neurod1 -/-retinas, all cone photoreceptors express short-wavelength (S) opsin. We thus examined the S-opsin expression in Neurod1
Atoh7HA/Atoh7HA retinas and found that most of the cone cells in the dorsal retina expressed S-opsin (supplementary material Fig S1A-D) , suggesting that Atoh7-HA cannot rescue the ability of Neurod1 to regulate the formation of M-cone cells.
Increased RGCs production in
Neurod1
Atoh7HA/Atoh7HA retinas Atoh7 is required for the formation of RGCs in mice and humans (Wang et al., 2001 , Ghiasvand et al., 2011 . Hence, we determined whether Neurod1 Atoh7HA/Atoh7HA retinas produced more RGCs than wild-type retinas. In P30 mice, immunostaining flat-mounted retinas with an anti-neurofilament light chain (NF-L) antibody showed that all Neurod1
Atoh7HA/Atoh7HA retinas analyzed had a significantly higher density of RGC axon bundles compared with those of wild-type retinas (Fig. 3A,B) . To determine how many more RGCs were generated in Neurod1
Atoh7HA/Atoh7HA retinas, we immunostained P30 retinal sections with anti-Pou4f1/Brn3a antibody, and observed ~20% more Pou4f1-positive RGCs in Neurod1
Atoh7HA/Atoh7HA retinas than in wild-type controls (Fig. 3C,D, arrowheads) . Interestingly, we detected displaced retinal ganglion cells (dRGCs) expressing Pou4f1 in the innermost region of the INL in Neurod1
Atoh7HA/Atoh7HA retinas (Fig. 3E) . These Pou4f1-expressing dRGCs often expressed SMI32, an RGC subtype marker that also labeled RGC axons (Fig. 3E, arrowheads) , whereas we rarely detect expression of these genes in INL of wild-type retinas. The Pou4f1-positive dRGCs found in the INL of Neurod1
Atoh7HA/Atoh7HA retinas could arise during development by a failure to migrate to the ganglion cell layer (GCL) as a consequence of improper spatiotemporal specification. Alternatively, some Neurod1-expressing amacrine cells could be converting to RGCs as Atoh7 is expressed under the control of Neurod1.
We conducted birthdating analysis to track when these cells were born and found that Pou4f1-expressing dRGCs were BrdU positive when BrdU was injected at E17.5 (Fig. 3F, arrowhead) , suggesting that these dRGCs were born during late embryonic development. Whether they were born as RGCs and failed to migrate to the GCL, or born as non-RGC types and converted to RGCs was unclear. In the presence of endogenous Atoh7, the Neurod1 Atoh7HA allele resulted in 20% more RGCs and RGC axons. We expected that in the absence of Atoh7, the Neurod1
Atoh7HA would lead to a restoration of RGCs and possibly optic nerves, the major tissues affected in Atoh7 G/G mice (Wang et al., 2001) . To determine whether Neurod1
Atoh7HA/Atoh7HA -induced RGCs could rescue the optical nerve defect, we crossed Neurod1
Atoh7HA/Atoh7HA mice with Atoh7 G/G mice and isolated eyes from adult Atoh7 G/G :Neurod1 Atoh7HA/Atoh7HA mice. Notably, we found the dissected eyes attached to partially developed optic nerves. Low magnification transmission electron microscopy (TEM) revealed that their diameters were 30% to 40% of those in wild-type mice (Fig. 4A,B) . We examined optic nerve ultrastructure using higher magnification TEM, and observed that RGC axons were ensheathed with a well-organized and compact myelinated layer (Fig. 4C,D) . The presence of optic nerves in Atoh7 G/G :Neurod1 Atoh7HA/Atoh7HA mice suggested that RGC axons were forming, fasciculating and extending into the optic disk. We performed retinal flat-mount immunostaining from P30 mice with anti-NF-L antibody and observed that Atoh7
Atoh7HA/Atoh7HA retinas had significant numbers of well-bundled RGC axons projecting towards the optic disk (Fig. 4E,F) (Gan et al., 1999; Elshatory et al., 2007; Mu et al., 2008) . To determine when Atoh7
Atoh7HA/Atoh7HA retinas first generate RGCs, we used an anti-Isl1 antibody to determine its expression pattern in E13 retinas. We found that Atoh7
Atoh7HA/Ahot7HA retinas restored 28% of Isl1-positive RGCs compared with wild-type retinas (Fig. 5A,D) , whereas Neurod1
Atoh7HA/Atoh7HA retinas had 30% more Isl1-positive RGCs compared with wild-type retinas (Fig. 5A,B) . Similarly, immunostaining using anti-Pou4f2 antibody also showed that Atoh7
Atoh7HA/Atoh7HA retinas produce more RGCs compared with Atoh7 G/G retina (Fig. 5F,G) , and restored 26% of RGCs compared with wild-type retinas (Fig. 5E,G) . These results suggested that Neurod1-expressing RPCs, although destine to produce amacrine cells and cone cells during development, were inherently capable of being reprogrammed to produce RGCs when Atoh7 was ectopically expressed. Atoh7HA/Atoh7HA retinas when BrdU was injected at E17.5 and retinas dissected at P20. Retinal section was co-labeled with anti-Pou4f1 and anti-BrdU antibodies. INL, inner nuclear layer. Scale bars: 40 m in C,E,F. 
:Neurod1
Atoh7HA/Atoh7HA retinas. OD, optic disk. Scale bars: 2 m in C; 50 m in G.
LGN of the thalamus is the gateway that relays visual pathways to the primary visual cortex, and the SC is a midbrain structure involved in the generation of visual guided saccadic movement. To determine whether Neurod1 Atoh7 -induced RGCs projected to the LGN, we traced RGC axons by injecting CTB-594 into the eyes of both wild-type and Atoh7
G/G :Neurod1
Atoh7HA/Atoh7HA mice. Coronal sections showed that RGC axons in both wild-type and Atoh7
Atoh7HA/Atoh7HA mice projected normally across the optical chiasm (Fig. 6A,B ) to dorsal and ventral LGN (Fig. 6C,D) .
The retinocollicular projection establishes a topographic map between RGCs and the SC. RGCs along the dorsal-ventral (D-V) axis topographically project to the medial-lateral (M-L) axis of the SC, whereas RGCs along nasal-temporal (N-L) axis topographically project to the posterior-anterior (P-A) axis of the SC. Tracing Neurod1 Atoh7 -induced RGC axon projections with CTB-488 showed that while wild-type and Neurod1
Atoh7HA3/Atoh7HA3
RGC axons occupied the entire SC, as viewed by the filled fluorescent dye in the SC (Fig. 6E) , RGC axons of Atoh7
Atoh7HA3/Atoh7HA3 mice projected to slightly more anterior areas in the SC. (Fig. 7A) , the dark-adapted ERG in response to a weak stimulus, e.g. -4.7 log sc td-s, is dominated by two signals from inner retina: positive (p) and negative (n) scotopic response (Saszik et al., 2002) . Generation of the positive STR requires that RGCs are functional, the negative STR also relies on RGC function, but the extent varies (Moshiri et al., 2008; Alarcón-Martínez et al., 2010) . Atoh7 G/G mice (Fig. 7A ) hardly showed either of the waves originating from inner retina that were present in the ERG of the Atoh7 +/G mice. The small positive wave that was present for the -4.7 log sc td-s stimulus was either residual pSTR, or the most sensitive part of the b-wave, which is generated by responses of ON (rod-driven) bipolar cells in the scotopic ERG Frishman, 1995, Robson et al., 2004) . Similar results have been reported previously, although in one study, a nSTR was still present in the Atoh7 -/-mice (Moshiri et al., 2008 , Brzezinski et al., 2005 .
The ERG responses to the weakest stimuli in Atoh7 G/G :Neurod1 Atoh7/Atoh7 mice were similar in waveform, but smaller than the responses of Atoh7 +/G mice (Fig. 7A) 
DEVELOPMENT
Finally, Atoh7 +/G :Neurod1 Atoh7/Atoh7 (Fig. 7A ) also showed more evidence of inner retinal activity than did Atoh7 G/G mice, particularly for the nSTR. In all four groups, the ERGs to stronger stimuli included common features of the flash ERG; b-waves that increased in amplitude with stimulus strength, and for the strongest stimuli, e.g. 2.1 log sc td s, a negative-going a-wave, which reflects photoreceptor currents (Robson et al., 2004; Hood and Birch, 1990; Jamison et al., 2001) , was present at the beginning of the response. However, further analysis showed that b-waves were consistently smaller than control Atoh7 +/G b-waves, in certain groups. In order to quantify comparisons of the ERGs of mice in the four different groups, stimulus versus ERG amplitude plots were constructed based on measurements at peak times of the ERG waves. Plots are shown for pSTR and b-wave measured at 110 ms after the flash (Fig. 7B ) and for nSTR measured at 200 ms at the trough of the response (Fig. 7C ). Fig. 7D shows the amplitude measured at 6 ms after the flash on the leading edge of the a-wave. As predicted by the ERG traces (Fig. 7A) , and documented in supplementary material Table S1 , pSTR amplitudes were significantly lower in the Atoh7-null mice than in the Atoh7 Atoh7/+ groups. B-wave amplitudes were also measured from a-wave trough to b-wave peak, which is a more traditional measure that is independent of timing of waves. The two b-wave measures yielded very similar results, as shown in supplementary material Table S1 . Plots of trough-to-peak amplitudes were not included in Fig. 7 . Although b-wave amplitudes of Atoh7 G/G :Neurod1 Atoh7/+ were not significantly larger in amplitude than Atoh7 G/G , they were significantly lower than in the Atoh7 +/G control mice (supplementary material Table S1 ). In summary, the Atoh7
Atoh7/+ group showed restoration of pSTR, which relies ganglion cell integrity, and b-wave, which relies on bipolar cell function. Consistent with morphological findings, the improvement in positive going potentials did not occur at a significant level for the Atoh7 +/G :Neurod1 Atoh7/Atoh7 mice. By contrast, for the nSTR, amplitude was significant larger in the Atoh7
Atoh7/Atoh7 mice than in the than in Atoh7 G/G mice, but this did not occur for the Atoh7 G/G :Neurod1 Atoh7/+ group, in which the nSTR amplitude was improved, but not significantly. The nSTR relies on amacrine as well as ganglion cell function in mice, and is mediated via glial cell currents. Interestingly, Fig. 7D shows that nSTR in the Atoh7
Atoh7/Atoh7 mice, as in the Atoh7 G/G mice, was not present at the lowest stimulus strengths, 547 RESEARCH ARTICLE bHLH genes and retinal ganglion cell fate and only emerged for a stimulus almost a log unit stronger where the Atoh7 +/G control response was nearly maximal.
Differential in vivo use of an Atoh7-mediated enhancer by Atonal-like factors Atoh7 and Neurod1 both belong to Atonal-like transcription factor family. They form heterodimer with E12/E47 factors that selectively bind to specific E-box sequences, including CAGGTG, CAGCTG, CAGATG, CATATG and CATGTG, to activate a distinct set of downstream genes (De Masi et al., 2011) . Based on current knowledge, we cannot predict whether any specific domain within Atoh7 or Neurod1 sequences can discriminate one from the other to determine their in vivo target specificity. The results presented by Mao et al. (Mao et al., 2008b) demonstrated that Neurod1 functions in Atoh7-expressing RPCs to activate RGC genes. This raises the issue of why Neurod1 cannot activate RGC genes in Neurod1-expressing RPCs. Conversely, as we showed above, Atoh7 converts Neurod1-expressing RPCs to RGCcompetent RPCs.
To begin to understand the in vivo target specificity of Atoh7 and Neurod1, we performed chromatin immunoprecipitation coupled with parallel sequencing (ChIP-Seq) to uncover genome-wide DNA-binding sites for Atoh7. We used E14.5 Atoh7 HA/HA retinas to prepare fragmented chromatin, performed ChIP-Seq on the DNA fragments with an anti-HA antibody using wild-type retinas as control, and identified ~1500 in vivo targets of Atoh7 (C.-A.M., Yue Lu, W.H.K. and Shoudan Liang, unpublished). One of the strongest peaks in the data analysis was within the Neurexin III (Nrxn3) locus. Nrxn3 encodes a neuron-specific cell-surface molecule and is widely expressed in developing central nervous system, including the retina (Püschel and Betz, 1995) . The Nrxn3 Atoh7-binding peak encompassed a 326 bp evolutionarily conserved sequence mapping to chr12:90280146-90280471, which lies within intron 3 of Nrxn3 (Fig. 8A,B) .
Five E-boxes were found in this region (supplementary material Fig. S2 ), all belonging to the predicted Atoh7-binding E-box sequences. Most notably, two consecutive E-box elements were clustered in the middle of this peak (supplementary material Fig.  S2 ). To confirm whether Atoh7 binds to this element in vivo, we performed qPCR on the immunoprecipitated DNA fragment from E14.5 Atoh7 HA/HA retinas. A 16-fold enrichment of occupancy in this region was observed compared with non-specific occupancy by anti-HA antibody on E14.5 wild-type retina (Fig. 8C) . Weaker but detectable occupancy of Atoh7 in this region was also found in Neurod1 Atoh7/Atoh7 retinas (Fig. 8C ). In addition, we detected a weak, but reproducible, occupancy of Atoh7 in a region near Tbr1, which is expressed in a small subset of RGCs (Mao et al., 2008a) . By contrast, we did not detect any in vivo occupancy of Neurod1 in this region in the retina, although a weak occupancy of Neurod1 in the same region in E14.5 brain tissue was detected (data not shown).
Nrxn3 was expressed largely in the developing ganglion cell layer of E14.5 retinas (Fig. 8D) . However, in the absence of Atoh7, Nrxn3 expression was downregulated by ~41% (Fig. 8E,F) , indicating that its expression was dependent on Atoh7 but not on Neurod1 in the developing retina. These results suggested that the Nrxn3 element is a direct target of Atoh7, and the expression of Nrxn3 depends on Atoh7. The results additionally support the notion that there is a differential use of the Nrxn3 element by Atoh7 and Neurod1 in different regions of the developing central nervous system.
DNA-binding elements identified by ChIP-Seq analysis often function as enhancers, which can be tested as such in the appropriate experimental context (Visel et al., 2009) . To test whether this region in Nrxn3 confers Atoh7-mediated enhancer activity, we generated two transgenic mouse lines carrying the Nrxn3 A7E -HSP68lacZ construct (Fig. 9A) , and bred them to Atoh7 HA/HA mice to produce Atoh7 HA/HA ; Nrxn3 A7E -HSP68LacZ retinas. We compared the expression profile of Atoh7-HA and lacZ in E14.5 retinas by co-immunostaining and found that 70% of Atoh7HA-expressing cells also expressed lacZ, suggesting this sequence functions as a bona fide Atoh7 enhancer (Fig. 9B-D) . Surprisingly, many lacZ-positive RPCs were found clustered in area where presumptive photoreceptors reside. We then compared the co-expression of lacZ and Neurod1 and found that many lacZ-positive RPCs expressed Neurod1 (Fig. 9E-G) . This result was unexpected, as endogenous Nrxn3 is not expressed in the region for photoreceptor progenitors and the Nrxn3 A7E element was not bound in vivo by Neurod1. Additionally, another Atonal-related bHLH factor Ngn2 (Hufnagel et al., 2010) was also expressed in lacZ-positive RPCs (Fig. 9H-J when this enhancer element was placed in a different context, it could be recognized and used by other related bHLH factors that were otherwise selectively prohibited.
DISCUSSION
In a previous study, we replaced Atoh7 with Neurod1 and found that, in Atoh7
Neurod1/Neurod1 retinas, Atoh7-expressing RPCs are preprogrammed to produce RGCs provided that the bHLH proneural gene Atoh7 or Neurod1 is present (Mao et al., 2008b) . In the present study, we addressed how Neurod1-expressing RPCs would respond to the replacement of Neurod1 with Atoh7. Our results demonstrate that Atoh7 acts dominantly in Neurod1-expressing RPCs to activate the RGC genetic program. In the absence of endogenous Atoh7, Neurod1
Atoh7 directed RPCs to specify an RGC fate, differentiate into RGCs, form an optic nerve, make proper axon projections to brain and produce an ERG response. These data support the idea that Atoh7 acts as a 'master regulator' for establishing an RGC competency state in non-Atoh7-expressing RPCs. By contrast, Neurod1 does not possess this activity in the same population of RPCs. In Atoh7-expressing RPCs, Neurod1 adapts to the new environment and acts like Atoh7 to establish RGC competence state. Two major conclusions can be drawn from these consecutive studies. The first is that the intrinsic program in Atoh7-expressing RPCs redirects the function of Neurod1 to act as Atoh7 in RGC formation, whereas Neurod1-expressing RPCs have sufficient plasticity to be reprogrammed by Atoh7. Second, Atoh7 functions as a dominant factor to convert other RPCs into RGC competence state, whereas Neurod1 does not. The most challenging question arising from our studies is why Atoh7-expressing RPCs are distinct from Neurod1-expressing RPCs, especially as RPCs are thought to be flexible in selecting their final cell fate (Gomes et al., 2011) . Neurod1 cannot activate the RGC genetic program in its endogenous environment, yet it can do so in Atoh7-expressing RPCs. What distinguishes Atoh7-expressing RPCs from Neurod1-expressing RPCs and Atoh7 from Neurod1?
One possible explanation is that the expression levels of Atoh7 and Neurod1 in the two RPC subpopulations govern whether RGC genes are activated. Our results indicate that on a per cell basis, Atoh7 expression in Neurod1
Atoh7/Atoh7 retinas is 10% of the levels in wild-type embryos. This suggests that a threshold level of Atoh7 is involved in specifying RPCs towards an RGC fate. Perhaps Neurod1 expression in Atoh7
Neurod1/Neurod1 retinas achieves this threshold in Atoh7-expressing RPCs, although not fully. However, Neurod1 may fail to reach the necessary threshold level to activate RGC genes in Neurod1-expressing RPCs. It is possible that overexpressing Neurod1 in Neurod1-expressing RPCs may enhance RGC differentiation, but the appropriate animal study is presently not feasible. Similar to the notion of dose effect, the expression level of Atoh7 has also been implicated to regulate the initial RGC number in RGC specification process .
Another possibility is that Atoh7 and Neurod1 selectively activate distinct sets of downstream genes. For Atoh7, Neurod1 and other bHLH factors to function precisely in their respective RPCs, each needs to coordinate with chromatin remodeling factors to generate suitable local chromatin structures and histone marks to trigger the activation of the gene. In our pilot ChiP-Seq assay for Atoh7 in vivo targets, we identified Nrxn3 as an Atoh7 target gene and found that whereas Atoh7 binds to the presumptive enhancer in intron 3, Neurod1 does not occupy this region in retina. Notably, in the developing brain, where Neurod1 and Nrxn3 expression patterns partially overlap, we readily detected Neurod1 occupancy in the same genomic region of Nrnx3. Furthermore, a transgene reporter driven by the intron 3 enhancer faithfully reports Atoh7 activity in retina. Additionally, other bHLH factors such as Neurod1 and Ngn2, appeared to activate the intron 3 enhancer in the retina, whereas in normal development, Nrxn3 expression does not rely on these factors. These results suggest that related bHLH factors have the inherent capability of activating gene expression at enhancers that are normally inaccessible to them. Post-translational modification of bHLH factors may also be involved in establishing target gene specificity among related bHLH factors. For example, a GSK-insensitive form of Xneurod1 was shown to convey RGC fate in frog retinas, implying an interaction between Neurod1 and the Wnt/-catenin pathway (Moore et al., 2002) . Post-translational modification of key transcriptional regulators, such as Nrl and Vax2, has recently been realized as another layer of regulation of cell fate determination during retinogenesis (Roger et al., 2010; Kim and Lemke, 2006; Onishi et al., 2010) . Future studies with purified Atoh7-and Neurod1-expressing RPCs may aid in distinguishing the different molecular contents in each RPC subpopulation.
The establishment of RGC competency requires coordinated integration of the Atoh7-dependent intrinsic program with the dynamic local environmental signals. It was recently discovered that linage-specific regulators can direct the Bmp and Wnt signaling effectors Smad and TCF7 to lineage-specific target genes to control the genetic program defining cellular identity (Mullen et al., 2011 , Trompouki et al., 2011 . It is possible that this type of dominant mechanism is also being used by Atoh7 in a similar way to convey RGC competency. In the ChiP-Seq dataset for Atoh7, we found that the majority of Atoh7 target genes fall into two functional categories, those involved in transcriptional regulation, and those involved in axonal guidance (C.A.-M. and W.H.K., unpublished). The Atoh7 gene targets that encode transcriptional regulators most probably play a role in regulating the downstream cascade of events for RGC differentiation. What was perhaps less expected was the identification of many Atoh7 gene targets involved in axonal guidance. When RGCs are first generated in embryonic retinas they are located close to the optic nerve head (Oster et al., 2004) . One of the first events of nascent RGCs is to detach their ventricular processes to form an unipolar RGC, and their vitreal processes transformed into an axon growth cone (Hinds and Hinds, 1974; Oster et al., 2004) . The earliest born RGCs are considered pioneer neurons, which serve as platform for later-born RGC axons (Raper and Mason, 2010) . Consistent with our ChIP-Seq results, a recent study has implied that Atoh7 plays a role in activating pioneer neurons (Brzezinski et al., 2012) . Atoh7-expressing RPCs were known to give rise to RGC and photoreceptor lineages . Loss of Atoh7 led to increased production of cone photoreceptors . These data together suggest that some RGCs and cones share the same Atoh7-expressing RPCs during retinogenesis, and the absence of Atoh7 provides a permissive environment to allow fate shifting to cones. However, the likely permissive effect of the absence of M-cones in Neurod1
Atoh7/Atoh7 RPCs on the induction of RGC fates and the molecular mechanisms underlying the differential in vivo target selection between similar bHLH factors are presently unresolved. 
